Two novel methods are compared for achieving the isolation required to perform high frequency transfer impedance measurements on biological tissue. The first uses sinusoids and the second pulsatile current injection. Sinusoidal current injection offers the higher accuracy but both give similar performance when used to model tissue in terms of a Cole-Cole equation.
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Introduction: Electrical impedance spectroscopy (EIS) is a non-invasive method for characterising human tissue. Because currents will pass either around or through cells depending on the frequency, EIS can be used to observe the structure and arrangement of cells. EIS has been used to identify precancerous changes in the oesophagus and cervix [1] . Many of the precancerous changes in tissue concern the cell nucleus where frequencies of > 1MHz are needed to gain information. However, methods for measuring impedance in which wired connections to electrodes on the tissue surface are used do not perform well at high frequencies. Parasitic capacitances between wires and between current injection (drive) and voltage measurement (receive) circuitry can produce large errors [2] . Common-mode currents between drive and receive circuits also affect accuracy. The optical isolation of both circuits reduces such problems but requires synchronisation for complex transfer impedance measurement.
To achieve synchronisation we suggest two novel methods. The first uses optically isolated sinusoidal excitation using a phase locked loop (PLL) for synchronisation, direct-digital synthesis (DDS) for sinewave generation and a digital signal processor (DSP) for analysis. The second uses pulsatile current injection (impulse system) and obtains spectral information using a Fourier transform.
System descriptions:
Sinewave current injection: The impedance measurement system consists of drive, receive and control circuits (Fig. 1) . The drive circuit contains a decoder, a DDS (AD9850), a micro-controller (PIC16C84) for DDS control and a constant current circuit (1mA p-p ). This current is within the limits allowed (IEC601) for human application. The DDS generates eight packets of sinusoidal waves from 9.8kHz to 1.25MHz in binary steps which are synchronised with the packet triggers for the decoder.
The receive circuit uses a differential amplifier (gain = 100), 12 bit A/ D converter (ADS802) and a DSP (TMS320C542). Both circuits are connected via optical fibre links to the control circuit. A/D conversion (10MHz sampling, 1024 points) is synchronised with the packet trigger. The control circuit transmits identical bi-phase coded data sets containing a clock (8MHz) and two control signals (frame and packet triggers). Decoders demodulate the data sets and generate the clocks, for the DDS (80MHz), micro-controller (8MHz), DSP (40MHz) and A/D converter. The receive circuit is connected via an optical fibre link to a personal computer (PC). Drive and receive circuits are powered separately by battery. The complex transfer impedances are calculated by the DSP.
The synchronisation error between the sinewave generated by the DDS and the timing of A/D conversion is < 1ns. Phase sensitive demodulation is used to calculate the complex transfer impedance at eight frequencies in 16.384ms.
Current impulse injection :
The impulse system consists of electrically isolated, pulsed current source and voltage measurement circuits. The current source drives 10mA p-p bi-phasic pulses between a pair of electrodes. Timing is controlled by an internal crystal oscillator which is not synchronised externally. Although the current source contains energy over the range from 2kHz to 1.95MHz, only data ≤ 1.75MHz are used. The voltage measurement circuit uses a differential amplifier (gain = 100) and 12 bit A/D converter (AD9220) operating at 5MHz. 40ms of the digitised signal is transmitted serially via an optical link to a PC and then processed off-line. The frequency difference, between the pulse generator and A/D sampling, allows the digitised data to be re-sampled with an effective bandwidth of > 50MHz. Re-sampled data are aligned to produce one 'averaged' pulse and spectral information obtained using a Fourier transform. 56 points of spectral impedance data are obtained between 2kHz and 1.75MHz.
Comparison of systems:
Initially a resistance of 100 Ω was measured. To test the accuracy in measuring a complex transfer impedance a model based on the Cole-Cole equation [3] was used. This contains two resistors ( R , S ) and one capacitor C . R is placed in parallel with a series combination of S and C . This circuit is widely used to model biological tissues. R , S and C were determined using both systems.
The test circuit is shown in Fig. 2 . Electrodes are simulated by the 240 Ω , 470pF parallel combinations. As the current amplitude of the impulse system was 20 times higher than that of the sinusoidal current system, the receiver gain of the impulse system was decreased from 100 to 5. Signal amplitudes at the A/D converter of each system were then the same. To equalise the time windows, 49 samples from the sinusoidal system (window 0.82ms) were averaged to correspond to a single 40ms window from the impulse system. 12 samples were measured from the test circuit.
To approximate the in vivo situation Cole-Cole equivalent circuits were combined with the test circuits (Fig. 2) . Four sets of values for R , S and C , for typical biological tissues, were derived from the tissue dispersions given in [2] . Measurements were fitted to a Cole-Cole equation, using a nonlinear least squares fitting algorithm, to give values for R , S , C and F c . F c is the characteristic frequency of the tissue. The true values of R , S and C were measured using a Solartron SI1260 to a claimed accuracy of between 0.1 and 0.2%. Each measurement was made 12 times and, to minimise the effect of drifts due to fluctuations of battery potential, a calibration was carried out immediately before every measurement.
Fig. 1 Block diagram of sinusoidal current injection system

Fig. 2 Test circuit used
Results and discussion: Table 1 gives the results for the 100 Ω resistance. The eight frequencies in the impulse system were selected from the 56 components of the frequency spectrum to match those of the sinusoidal system. The reproducibility (SD, the standard deviation) of the transfer impedance measurement ( Z [ Ω ]) is better for the sinusoidal system than for the impulse system at most frequencies. Furthermore, the absolute accuracy (absolute error [%]) is also better for the sinusoidal system. The main reason for the difference in errors is the larger current injection used in the sinusoidal injection system. While the peak current is higher for the impulse system, the energy at each frequency is very much less and is affected by the sinc( x ) shape of the frequency response envelope.
The results of fitting measured data to the Cole-Cole equation are shown in Table 2 . Many of the estimated parameters are more accurate when the impulse system is used. The estimates of R are better when the impulse system is used, but the estimates of S are worse. There are several explanations for this. All 56 spectral measurements from the impulse system were used in fitting to the Cole-Cole equation and hence the accuracy of parameter estimation should be improved. However, because the energy at each frequency in the impulse system decreases at high frequencies the errors will increase with frequency. The impulse system is also subject to errors in the process of temporal alignment of the injected and measured pulses. This explains the increase in errors in the estimation of S which is most affected by the high frequency measurements.
There are two advantages to the use of the sinusoidal injection system implemented using a DDS. One is the ability to make real-time transfer impedance calculations and the other is flexibility in the selection of the measurement frequency. The bandwidth and number of frequencies of the sinusoidal system could also be increased. This would improve the identification of multiple dispersions in tissue.
Conclusion: Two novel methods that achieve electrically isolated transfer impedance measurement have been compared. Sinusoidal current injection appears to be the best for measurements made over a limited frequency range whereas a current impulse system is equally good for wideband measurements suitable for fitting to a Cole-Cole equation model. 
